Abstract-The mixed radio frequency (RF)/free-space optical (FSO) relaying is a promising technology for coverage improvement, while there lacks unified expressions to describe its performance. In this paper, a unified performance analysis framework of a dual-hop relay system over asymmetric RF/FSO links is presented. More specifically, we consider the RF link follows generalized κ-µ or η-µ distributions, while the FSO link experiences the gamma-gamma distribution, respectively. Novel analytical expressions of the probability density function and cumulative distribution function are derived. We then capitalize on these results to provide new exact analytical expressions of the outage probability and bit error rate (BER). Furthermore, the outage probability for high signal-to-noise ratios and the BER for different modulation schemes are deduced to provide useful insights into the impact of system and channel parameters of the overall system performance. These accurate expressions are general, since they correspond to generalized fading in the RF link and account for pointing errors, atmospheric turbulence and different modulation schemes in the FSO link. The links between derived results and previous results are presented. Finally, numerical and Monte-Carlo simulation results are provided to demonstrate the validity of the proposed unified expressions.
I. INTRODUCTION
Due to the merits of free license, low cost and high bandwidth, free-space optical (FSO) communication is becoming one of the promising technologies for indoor and outdoor wireless applications. Some typical applications of FSO systems include "last mile" access, indoor positioning, disaster recovery, military applications, underwater system, device-to-device communications, and video transmission, etc.
[1]- [3] . On the other hand, dual-hop relaying has been widely adopted in the context of radio frequency (RF) communication systems because of the extended coverage area and enhanced receive signal induced by spatial diversity. In traditional RF/RF dual-hop communication systems, the scarcity of licensed spectrum in conjunction with fast growing demand of high data rate is one of the most crucial limitations. To this end, the FSO communication has been considered to be used in the relaying as a complement to RF counterpart due to its desirable features: First, the RF and FSO links operate on different frequency bands to avoid significant interference in RF/RF relay systems; Second, the FSO link can achieve maximum system capacity by aggregating multiple users' information.
Therefore, the mixed RF/FSO dual-hop relay system has been recently proposed [4] - [8] and refers to the case when RF transmission is used at one hop and FSO transmission at the other. Such topology is quite different from hybrid RF/FSO system, which uses parallel RF and FSO links for the same path. In [4] , a performance analysis of a dual-hop relay system composed of mixed RF/FSO links was first conducted. The impact of pointing errors on such topologies has been analyzed in [5] . The authors in [6] derived an exact closedform expression of the end-to-end outage probability of the mixed RF/FSO system. Moreover, the performance of dualhop systems with Nakagami-m and gamma-gamma (ΓΓ) or double GG [9] fading channels was investigated in [7] , [8] .
Although the performance of mixed RF/FSO relaying systems over fading channels has been extensively evaluated in terms of outage probability and error rate, most of existing pioneering studies simply assume the Rayleigh or Nakagamim fading channels for the RF link. While such assumption extensively simplifies some mathematical manipulations, these distributions fall short of capturing the actual fading statistics of the RF link, because their tail does not seem to yield a good fit to experimental data [10] . Motivated by this fact, in this work we examine the performance of a dual-hop RF/FSO transmission system experiencing more general κ-µ/ΓΓ and η-µ/ΓΓ fading conditions. The η-µ and κ-µ fading were proposed in [11] and has been verified to provide an excellent fit to experimental data. Moreover, it provides a unified framework for existing RF channel models, since it regards the Rayleigh (η → 0, κ → 0, µ = 1), Rician (µ = 1) and Nakagami-m (η → 0, κ → 0, µ = m) distributions as special cases. For the FSO link, we use the ΓΓ distribution to describe the weak or strong atmospheric turbulence fading, since the ΓΓ distribution has simpler statistical characteristics than the double GG distribution, and has been proved to provide a good agreement between the theoretical result and the corresponding experimental data [12] - [14] . Moreover, the pointing errors, which is caused by an unavoidable alignment between transmitter and receiver due to thermal expansion, dynamic wind loads, and weak earthquakes, is one of the major issues leading to a severe performance degradation of the FSO link [15] , [16] . Therefore, we study the effect of pointing errors on the performance of dual-hop RF/FSO systems. The contributions of this paper are summarized as follows:
• Novel analytical expressions of the probability density function (PDF) and the cumulative distribution function (CDF) for the mixed RF/FSO dual-hop relaying system are derived in terms of Meijer's G-function, which can be easily evaluated and efficiently programmed in most standard software packages (e.g. MAPLE, MATHEMAT-ICA). We further demonstrate that previous results in [4] , [5] , [7] for the Rayleigh and Nakagami-m RF fading channels can be considered as special cases of our results.
• We derive the generalized analytical expressions of the end-to-end outage probability and average bit error rate (BER) for the mixed RF/FSO dual-hop system. These exact formulations are more general, since they correspond to κ-µ and η-µ fading in the RF link, and account for pointing errors, atmospheric turbulence and different modulation schemes in the FSO link.
• The asymptotic closed-form outage probability in the high signal-to-noise ratio (SNR) regime is assessed, which can provide useful insights into the impact of system and fading parameters on the overall system performance. From an engineering perspective, we particularly investigate the effect of pointing errors in the FSO link on the BER performance, over different modulation schemes and/or various channel fading conditions. • Although corresponding expressions for the case of κ-µ/ΓΓ fading presented herein are given in terms of infinite series, we only need less than ten terms to get a satisfactory accuracy (e.g., smaller than 10 −6 ) for all considered cases. The remainder of the paper is structured as follows: In Section II the mixed RF/FSO system model is presented, and the statistical characteristics of generalized fading channels are described in Section III. In Section IV, we derive novel and analytical expressions of the outage probability and average BER for the mixed RF/FSO dual-hop system. Numerical and Monte-Carlo simulation results are provided in Section V, and Section VI concludes with a summary of the main results.
II. MIXED RF-FSO SYSTEM MODEL
As shown in Fig. 1 , we consider a dual-hop relay system with the source node S, the relay node R and the destination node D. The source node S cannot communicate directly with the destination node D because of the long distance or the block between them. The RF link between S and R experiences a κ-µ and η-µ fading, since the κ-µ and η-µ fading is more general and includes the Rayleigh, Rician and Nakagami-m fading as special cases [11] . While the FSO link between R and D follows a ΓΓ distribution, which is widely used in FSO communications [2] . Similar to the related literature [17] - [19] , we consider the high-energy FSO system with the commonly used on-off keying modulation. In this case, the FSO system performance is limited by background radiation and thermal noise, which can be modeled as the additive white Gaussian noise (AWGN) with the variance N 0 /2 as a good approximation of the Poisson photon-counting detection model [20] . Furthermore, we consider the typical amplify-andforward (AF) relaying scheme in the relay node R, which simply amplifies its received signal by a fixed gain G and then forward it to the destination node D. Following the similar analysis in [21] , the end-to-end received instantaneous electrical SNR γ eq at the destination node D is given by
where c G 2 /N 0 , γ 1 denotes the SNR of the RF hop (i.e. S-R link) and γ 2 represents the electrical SNR of the FSO hop (i.e. R-D link).
III. STATISTICAL CHARACTERISTICS
In this section, we first deduce the novel analytical CDF expression for the mixed RF/FSO dual-hop system. Then, the PDF expression is derived by differentiating the CDF expression. These expressions are useful for following analysis.
A. Cumulative Distribution Function
The CDF of the end-to-end instantaneous received electrical SNR γ eq can be expressed as
Note that (2) involves the PDF of the SNR at the relay node R, and the CDF of the electrical SNR at the destination node D. The PDF of ΓΓ fading channels with pointing errors is given by [22] , [23] 
where
is the gamma function [24, Eq. (8.310)], t accounts for the widely used detection technique type (i.e. t = 1 represents heterodyne detection, and t = 2 is intensity modulation with direct detection (IM/DD)), d = ξ 2 /(ξ 2 + 1) with ξ being the ratio between the equivalent beam radius and the pointing errors displacement standard deviation at the destination node D, and κ t denotes the average SNR as [5] , [22] 
Note that larger effect of pointing errors means smaller values of ξ. Moreover, the two effective numbers a and b are related to the atmospheric conditions and can be expressed as [17] 
with L being the distance between transmitter and receiver,k 2π/λ denotes the optical wavenumber with λ being the operational wavelength, D is the aperture diameter of the receiver, and C 2 n is the altitude-dependent index of the refractive structure parameter determining the turbulence strength. Furthermore, we assume C 2 n remains constant for a relatively long transmit bits interval, and it varies from 1 × 10 −15 m −2/3 to 3 × 10 −14 m −2/3 for weak to strong turbulence cases [20] .
Then we introduce the statistical characteristics of the generalized fading for the RF hop. There are two formats for the η-µ distribution, namely, Format 1 and Format 2. According to [11] , Format 1 can be converted into Format 2 through a bilinear transformation. Without loss of generality, we focus on Format 1 in the following. Due to its mathematical briefness and significant features [25] , the common case of integer values of µ is considered. The CDF of the η-µ distribution for integer values of µ is given by [25, Eq. (3) ]
µ−k , andγ 1 denotes the average SNR of the RF hop.
Moreover, the κ-µ SNR PDF is given by [11, Eq. (2) ]
where I v (·) is the modified Bessel function of the first kind with order v. After using the infinite series representation of I v (·) [24, Eq. (8.445)] and simple algebraic operation, the CDF of the κ-µ distribution can be written as
where A µ(1+κ) γ1
and Γ(·, ·) is the incomplete gamma function [24, Eq. (8.350.2) ].
For the case of η-µ/ΓΓ fading, we substitute (3) and (7) into (2) and derive
Utilizing the binomial expansion [24, Eq. (1.111)] and the integral identity as derived in (A.4), the corresponding analytical CDF of γ eq can be derived as
For the case of κ-µ/ΓΓ fading, we utilize the finite series representation of Γ(·, ·) [24, Eq. (8.352.4)] and the similar method aforementioned. Then the corresponding analytical CDF of γ eq can be derived as
Although the CDF expression of κ-µ/ΓΓ fading channels is given in the form of infinite series, we can truncated (12) suitably (no more than ten terms) so as to achieve a satisfactory accuracy (e.g., smaller than 10 −6 ) as seen in Fig. 3 .
It is worthy to point out that for η → 0, κ → 0 and µ = m (or η → 1 and µ = m/2), (11) and (12) reduce to the CDF of the mixed Nakagami-m/ΓΓ dual-hop relaying systems as
which is in agreement with [7, Eq. (8) ]. Furthermore, for dual-hop relaying systems over mixed Rayleigh/ΓΓ fading channels, e.g. η → 0, κ → 0 and µ = 1, our result presented in (11) and (12) can be shown to agree with [5, Eq. (2)].
B. Probability Density Function
The PDF expression can be obtained by differentiating (11) and (12) 
and
Note that (13) and (14) can be reduced to [7, Eq. (11) ] and [5, Eq. (4)] for the cases of Nakagami-m/ΓΓ and Rayleigh/ΓΓ fading, where the IM/DD scheme is considered, respectively.
IV. PERFORMANCE ANALYSIS We derive novel and analytical expressions of the end-to-end outage probability and average BER for the mixed RF/FSO dual-hop system in this section. Moreover, the asymptotic outage probability in the high-SNR regime and BER performance without pointing errors are also assessed.
A. Outage Probability
As an significant metric for the performance of a wireless communication system, the outage probability is defined as the probability that the instantaneous SNR γ eq falls below a predetermined threshold γ th [27] . Mathematically, the outage probability of dual-hop AF relaying can be obtained by setting γ = γ th in (11) as P o = Pr (γ eq < γ th ) = F γeq (γ th ).
In order to provide more insights into the impact of system and fading parameters on the system performance, we now focus on the high-SNR regime. By taking κ t ≫ 1 in (11) and (12) , and using [24, Eq. (9.303)], the asymptotic high-SNR outage probability can be derived as
where τ i denotes the i-th term of τ , and ω ρ accounts for the ρ-th term of ω, respectively. Note that (15) and (16) are in the form of simple elementary functions. It is clear to see from (15) and (16) that the outage probability becomes smaller as the average electrical SNR κ t of the FSO link increases, which agrees with the corresponding findings presented in [4] - [7] .
B. Bit Error Rate
Note that the binary modulation schemes are widely used in experimental and practical FSO communication systems [28] , [29] . For an extensive list of different binary modulation schemes, a unified BER expression is given as [30, Eq. (12) ]
where the parameters p and q denote different modulation schemes. For example, by setting p = 1 and q = 0.5, the BER of non-coherent binary frequency shift keying (NBFSK) is obtained, while for coherent binary frequency shift keying (CBFSK), we should set p = 0.5 and q = 0.5 [31] . By substituting (11) and (12) into (17), and using [24, Eq. (7.813.1)], we can obtain the analytical BER expressions as
(dab) t Ac κ t t 2t (q + A)
Note that for the special case of mixed Rayleigh/ΓΓ fading channels as investigated in [5] , (18) and (19) can reduce to [5, Eq. (14) ] where the IM/DD scheme is considered. Then, we consider the non-pointing errors case and recall that d = ξ 2 /(ξ 2 + 1). By taking ξ → ∞ (larger ξ means smaller pointing errors) and using the definition of the Meijer's G-function [24, Eq. (9.301)], the BER expressions can be converged to
where τ
, j}. Once again, it is worthy to point out that (20) and (21) reduce to [5, Eq. (15) ] when t = 2 (i.e. IM/DD scheme). Note that the average BER expressions of non-binary modulation schemes can be also obtained by using the similar way presented here.
V. NUMERICAL RESULTS
In this section, the analytical results of mixed RF/FSO systems over different system configuration scenarios and/or various channel fading conditions are presented and compared with Monte-Carlo simulations. Without loss of generality, we assume the heterodyne detection t = 1, the threshold γ th = 0dB, the link distance L = 4000m, the receiver aperture diameter D = 0.01m, and a wavelength of λ = 1550nm throughout this section [21] . For the mixed RF/FSO AF relay scheme with the fixed gain, we set c = 1 at the relay node. In Monte-Carlo simulations, 10 6 η-µ and ΓΓ random samples are generated. , and the pointing errors are large with ξ = 1.1. We can find that there is a good match between the analytical and simulated results, and the high-SNR approximation is quite tight in the moderateand high-SNR regimes, which validates the accuracy of the proposed expressions. By varying one parameter while keeping the other one fixed, Fig. 2 reveals that increasing the values of µ and/or η helps to overcome the fading effects. This is due to the fact that with more multipath clusters (larger µ) and/or the less difference between the power of in-phase and quadrature components (larger η), the power of received signals will be enhanced. We recall that consistent conclusions were also drawn in [25] , [32] . It is clear to see from Fig. 3 that the simulated, analytical (12) and high-SNR approximated (16) outage probability results match well. This verifies the accuracy of the CDF expression (12) derived in the analysis. With the selected parameters as shown in Fig. 3 , we find that the convergent series of (12) is truncated with only ten terms to be sufficient to get numerically accurate results. In the κ-µ model, the parameter κ indicates the power of the dominant component of a signal and the parameter µ represents the number of multipath clusters, respectively. By varying one parameter while keeping the other parameter fixed, Fig. 3 reveals that increasing the values of κ or µ both helps overcome the effects of fading. Moreover, the effect of µ on the outage probability is more pronounced than that of κ. For example, the gap between κ = 3, µ = 1 and κ = 3, µ = 2 curves is larger than that between κ = 3, µ = 1 and κ = 3, µ = 2 curves.
In Fig. 4 , the outage probability of mixed RF/FSO dual-hop relay systems under η-µ/ΓΓ fading conditions with η = 0.5 and µ = 3, and strong pointing errors with ξ = 1.1 is illustrated for various values of the strength of the atmospheric turbulence C 2 n . The influence of the atmospheric turbulence on the outage performance becomes more obvious from weak to strong turbulence channels. For example, at γ 1 = 20dB, the difference of the outage probability between C . It is clear that the analytical BER expressions coincide with the simulation results. We can also find from Fig. 5 that the BER of CBFSK is smaller than that of NBFSK. This observation can be explained by the fact that the system achieves better BER performance when the channel state information is available at the receivers. More importantly, the pointing errors (note that larger ξ means smaller pointing errors) have an obvious effect on the BER performance, especially when ξ is small. This observation agrees with the corresponding finding in [5] .
VI. CONCLUSIONS
In this paper, we investigated a dual-hop relaying system over mixed RF/FSO links, which can be modeled as η-µ/ΓΓ and κ-µ/ΓΓ distributions. Novel and exact expressions of the CDF and PDF of the end-to-end SNR were derived in terms of finite sums of Meijer's G-functions. We also derive the new analytical expressions of the end-to-end outage probability and average BER for such system. These results are general, since they correspond to κ-µ and η-µ fading in the RF link, and account for pointing errors, atmospheric turbulence and different modulation schemes in the FSO link. Note that for the case of κ-µ/ΓΓ fading, the infinite series in corresponding results quickly and steadily converges, requiring only a few terms to obtain a desired accuracy. For example, to obtain an error smaller than 10 −6 , less than ten terms are required in all of considered cases. Capitalizing on the high-SNR asymptotic outage probability, some useful insights were revealed. Particularly, it is clear to find that the outage probability becomes smaller as the electrical SNR of the FSO link increases. In addition, we demonstrated that the pointing errors have an obvious effect on the BER performance. .
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